Abstract--Olfactometric bioassays showed that nymphs of crowded desert locusts, Schistocerca gregaria, aggregated in response to volatiles derived from their feces and to volatiles emitted from the feces of young adults, but were indifferent to volatiles emitted by older adult feces. On the other hand, young and older adults were not only responsive to their own fecal volatiles but also cross-responsive to each other's and that of the nymphs. Charcoaltrapped volatiles from the feces and synthetic blends of the fecal volatiles also elicited similar responses. Young adults responded moderately to a blend of nymphal volatiles and those derived from nymphal feces. GC-EAD and GC-MS analysis of the trapped volatiles revealed the presence of guaiacol and phenol as predominant electrophysiologically active components of nymphal and young adult feces. Fecal volatiles of older adult contained phenylacetonitrile in addition to guaiacol and phenol, which were present in relatively lower proportion. These results suggest that fecal volatiles are part of the aggregation pheromone complex of the desert locust, which includes the pheromone blends produced by nymphs and older adults, respectively.
INTRODUCTION
Recently, we demonstrated the existence of two distinct sets of releaser pheromones that appeared to modulate the aggregation behavior of the two stages of the gregarious desert locust: a juvenile aggregation pheromone produced by nymphs and specific to nymphal stages and an adult pheromone produced by older adults and specific to the adult stages (Obeng-Ofori et al., 1993) . The responses of the insects, whether tested individually or in groups, were not significantly different, indicating that visual and tactile stimuli are not prerequisites for the pheromone modulated-aggregation behavior, contrary to previous speculations (Gillett et al., 1976; Fuzeau-Braesch et al., 1988) . We showed further that the production of the pheromone in the adult is confined predominantly to the older males, while no such differentiation occurs in the nymphs . More recently, we found that the aggregation pheromone system of adults consists of phenylacetonitrile (benzyl cyanide), which is the dominant component, present in as much as 75-85 % in the volatile emission of older males along with benzaldehyde, guaiacol, and phenol . Significantly, the nymphs demonstrated total indifference to this pheromone blend, thus confirming our earlier conclusion on the occurrence of stage differentiation in pheromone-mediated aggregation of the desert locust (Obeng-Ofori et al., 1993) . Characterization of the nymphal pheromone system is not yet complete.
The young adults represent an interesting stage because they do not emit any significant amount of pheromone themselves and are thus not induced to aggregate significantly by their own volatile emission (Obeng-Ofori et al. 1993 Torto et al., 1994) . Since our bioassays have consistently shown that they respond only to the pheromone produced by older males, the question that needed to be addressed is how this stage of the insect maintained its cohesiveness in the absence of older pheromone-producing males. Field observations have shown a close association between hoppers and fledglings (Uvarov, 1977) , which cannot be accounted for by the latter's indifference to the pheromone emission of the former in our bioassays. On the other hand, the presence of a large amount of fecal droppings on the ground where hoppers and fledglings cooccur suggests a possible role for fecal volatiles in the aggregation of the young stages of the insect. Interestingly, previous studies by Nolte et al. (1970 Nolte et al. ( , 1973 had implicated nymphal feces as the source of locust gregarization pheromone. Indeed, 5-ethylguaiacol (locustol) proposed by Nolte et al. (1973) and Notte (1976) as the principal component of the gregarization pheromone of S. gregaria and Locusta migratoria, was isolated from the feces of nymphal L. migratoria.
However, subsequent studies by Fuzeau-Braesch et al. (1988) failed to detect this compound in the volatile collections of either L. migratoria or S. gregaria.
Similarly, our own analysis of airborne volatiles of different stages of S. gregaria have not revealed the presence of this compound.
The present study was undertaken to help throw some light on the role of fecal volatiles on the aggregation behavior of different stages of the desert locust, and in particular, that of young adults to volatiles probably encountered on the ground when in close association with nymphs. Herein we report the results of these studies as well as the aggregation responses of the insect to blends of compounds identified in these volatiles.
METHODS AND MATERIALS
Insects. Crowded desert locust, Schistocerca gregaria (Forskal) (Orthoptera: Acrididae) from the ICIPE colony originating from a stock obtained for the Desert Locust Control Organization for Eastern Africa (DLCO-EA) in Addis Ababa, Ethiopia, was used for the study. Insects (300--400) of both sexes were bred under crowded conditions in aluminum cages (50 x 50 x 50 cm). They were reared in a special room (4.5 x 4.5 m) that was well aerated by a duct system that maintained a negative pressure with a nycthemeral temperature 30-35°C and light-dark cycle of 12:12 hr. Fresh wheat shoots (Nyangumi variety) and wheat bran were provided daily.
Collection of Fecal Volatiles. Aerations of feces obtained from fifth instars and young and older adults were carried out as previously described in 12-cm-long x 2.5-cm-ID glass tubes. Volatiles were trapped for 1 hr from ca. 6.0 g of fresh feces, which were obtained after feeding the three different stages of locusts each overnight on fresh wheat shoots. Thermally conditioned charcoal (80-100 mesh, Chrompack) packed between two glass wool plugs in 6-cm-long × 5-mm-ID glass tubes were used as traps. Trapped volatiles were eluted with HPLC grade dichloromethane (Aldrich Ltd., 5 ml) and concentrated under a stream of nitrogen at 0°C. All the volatile concentrates were stored in the freezer at -15°C until used. For chromatographic analyses, samples were concentrated to 100/~1, and 500 ng of o-methylacetophenone were added as internal standard.
Analyses of Volatiles. Volatiles were analyzed employing methods previously described by Torto et al. (1994) by capillary gas chromatography (GC) and by gas chromatography-mass spectrometry (GC-MS). Aliquots (2 t~l) of the extracts, were analyzed by GC performed on a Hewlett-Packard (HP) 5890 Series II gas chromatograph equipped with a flame ionization detector (FID) and a HP capillary column (Carbowax 20 M, 50 m x 0.2 mm ID x 0.2/~m) using nitrogen as the carrier gas at a flow rate of 0.35 ml/min. The oven temperature was initially isothermal at 60°C for 10 min, then temperature programmed at 5°C/min to 180°C and from 180°C to 220°C at 10°C/min. Chro-matographic peaks were integrated using a HP 3396 integrator. GC-MS analysis were carried out on a VG Masslab 12-250 mass spectrometer (El, 70 eV) coupled to a HP 5790 gas chromatograph.
Coupled gas chromatography-electroantennography (GC-EAD) was performed as previously described employing the same column and GC conditions as for analyses of volatiles. The effluent from the column was split 1 : 1 and FID and EAD signals were monitored synchronously using a program on a GC-EAD interface card (Syntech) installed in a PC (Harvard Professional Computer, American Megatrends Inc.).
Behavioral Bioassays. Bioassays were conducted in a glass olfactometer previously described in detail by Obeng-Ofori et al. (1993) . Feces from locusts, volatiles collected from the feces, and synthetic compounds of electrophysiologically active fecal volatile components were tested. Feces were transferred into muslin bags while solutions of the volatile were transferred into 2 ml of paraffin oil (Merck) in 3.7-ml vials as previously described in detail by Torto et al. (1994) . The test stimuli was held in one flask and the control in the other flask of the olfactometer. All the synthetic compounds were obtained from Aldrich Ltd., and the purity of each compound was checked by GC.
Males and females and the mixed sexes of fifth-instar nymphs (3-5 days after molt), young adults (4-10 days after molt), and older adults (18-25 days after molt) were each bioassayed in the following situations: (1) control treatment with both sides free of fecal odor; (2) a choice of air column (empty muslin bag) and column treated separately with fifth-instar nymphal or young or older adult feces (10 g each) in a muslin bag; (3) a choice of control air column and a column treated with volatiles collected from the feces of the insect stages mentioned above at doses of 1 FH, 5 FH, and 10 FH, (1 FH = volatiles emitted by 1 g of fresh locust feces per hour); (4) a choice of control air column and a column treated with a 100:35:15 blend of synthetic phenylacetonitrile, phenol, and guaiacol, representing older adult male fecal volatile at pheromone blend (PB) loadings of 37.5, 75, 150, 300, and 600 ng; (5) a choice of air column and column treated with a 100:25 blend of synthetic guaiacol and phenol, representing fifth-instar nymphal or young adult fecal volatiles at pheromone blend (PB) loadings as in (4); (6) a choice of two air columns, one enriched with fifth-instar nymphal volatiles corresponding to a release rate of 100 LH (Obeng-Ofori et al., 1993) and another treated with a blend of 100 LH and 10 FH volatiles derived from fifth-instar nymphal feces; and (7) as in (6) with one column enriched with 10 FH of fifth-instar fecal volatile and the other enriched with a blend of 10 FH and 100 LH volatiles of the same insect stage.
Test insects were introduced into the bioassay arena of the olfactometer in groups of five, and after 15 min the number of insects in each section of the arena was counted. Uncommitted insects found in the middle part of the arena were treated as nonresponders. All tests were replicated five times and locusts were used only once and then discarded. The aggregation index (AI) was calculated as 100 (T -C)/N where T = number of locusts found in the treated compartment, C = number of locusts found in the control compartment, and N = total number of locusts tested. Means of aggregation responses over the dose range were transformed into arcsine and submitted to a two-way analysis of variance by insect stage (V l) and volatile (V2). Interaction S1 vs $2 would reveal aggregation responses of a particular stage to the volatiles. Mean aggregation responses over the dose range were compared using the LSD test (~ = 0.05).
RESULTS

Analysis of Yolatiles.
Compounds represented by peaks 2 and 4 were the dominant and electrophysiologically active components in the fecal volatiles of nymphs and young adults (Figure 1 ). These compounds were also present in older adult fecal volatiles but in relatively lower proportions. The feces of older adults contained an additional electrophysiologically active component labeled 3. Comparison of the profiles of the volatiles from older adult males and females showed that compound 3 was specific to the fecal volatiles of the males. GC-MS analysis of 1, 2, 3, and 4 gave mass spectra characteristic of the fol- Tables 1 and 2 show the aggregation responses of nymphs and adults to volatiles emanating directly from locust feces and charcoal-trapped fecal volatiles, respectively. The responses of locusts to the synthetic blend of nymphal and older male adult fecal volatiles are shown in Figure 2 . In all the three sets of experiments, the nymphs showed aggregation responses to nymphal and young adult fecal volatiles but were indifferent to older adult fecal volatiles, Young and older adults were cross-responsive to each others volatiles. Both were also responsive to nymphal fecal volatiles. There was no sexual differentiation in the responses of nymphs and young and older adults to the fecal volatiles ( Table 2 ). The response of the different insect stages to the fecal volatiles is dose dependent (Figure 2 ). The response of fifth-instar nymphs and young adults to simultaneous exposure to either fifth-instar nymphal volatiles or nymphal fecal volatiles and a blend of nymphal and fecal volatiles are shown in Table 3 . The nymphs responded equally to the different volatiles. The young adults showed moderate response to the blend of nymphal and fecal volatiles and were indifferent to nymphal volatiles. They were, however, more responsive to the nymphal fecal volatiles than to the blend of nymphal and fecal volatiles.
Behavioral Response to Fecal Volatiles.
DISCUSSION
Two patterns of aggregative responses from different stages of the desert locust have been observed with respect to their own volatiles and to those of their feces. In the case of volatiles emitted by live insects, a clear differentiation occurs between the nymphal and adult stages: nymphs of all stages responding only to volatiles emitted by nymphs and, likewise, both young and older adults responding to volatiles of the adult emitted by the older members (Obeng-Ofori et al., 1993; Torto et al., 1994) . On the other hand, in the case of fecal volatiles, as revealed in the present study, differentiation between the two stages is less clear-cut. Thus, the nymphs aggregated in response not only to volatiles of their own feces but also to those of the young adults (Tables 1 and 2 ). The young and older adults showed even less specificity: they were responsive not only to their own fecal volatiles but also to each other's and that of the nymphs ( Figure  1 , Tables 1 and 2 ). Volatiles collected from the feces also elicited similar responses (Table 2) . These results are consistent with GC-EAD and GC-MS analyses, which showed that fecal volatiles of nymphs and young adults contain guaiacol and phenol as the dominant electrophysiologically active components, whereas the fecal volatiles of older adults contain phenylacetonitrile in addition to guaiacol and phenol (Figure 2) . Moreover, synthetic blends of these compounds elicited the same patterns of responses (Figure 1) . The exact role of phenylacetonitrile in the bioecology of the desert locust is not clear at present. For example, the adaptive significance of older adult locusts generating a volatile fecal blend that is not pheromonally active for the nymphs is unknown. It is also not known whether phenylacetonitrile is an olfactory inhibitor for the nymphs. Detailed single-cell electrophysiological studies could help throw more light on this. Furthermore, our studies on the primer effects of locust volatiles on accelerated maturation and phase dynamics of the desert locust currently in progress would provide some understanding on the possible significance of phenylacetonitrile in the biology of locusts.
Our results point toward specific functions for fecal volatiles in desert locust aggregation and a more complex pheromonal system of modulating social cohesion in S. gregaria. An obvious function of compositionally identical fecal volatiles of nymphs and young adults may not only be to hold the latter together but also to do so in close association with the former when these are fledgling. This would ensure the cohesiveness of the whole fledgling population that emerges, which would continue to rely on its fecal volatiles until it starts to produce the adult pheromone. Interestingly, the receptor cells of the young adults, unlike those of the hoppers, show the plasticity needed to respond to their own (and that of nymphal) fecal pheromone system and to that produced by the older adults.
Do fecal volatiles also play a role in the aggregation of nymphs and older males? In the case of the former, the close association of this stage of the insect with their feces during and after feeding, especially while roosting (Uvarov, 1966; Steedman, 1988) , suggest that fecal volatiles may augment the nymphal pheromone system in modulating cohesion in this stage of the insect. On the other hand, the flight and feeding behavior of older adult locusts make them less likely to come into more than casual contact with their feces. However, a sustained contact is possible during roosting periods, during which fecal volatiles of older adults could similarly play an augmentative role in aggregating older adults. Significantly, the three major active components of the feces of older adults constitute the same pheromone emission of these insects , although phenylacetonitrile is present in this emission in proportionately larger amounts than in feces (75-85% compared to 10-15% in fecal volatiles).
In summary, fecal volatiles appear to be part of the releaser pheromone complex of the desert locust with an augmentative role in aggregating the hoppers and older adults and with an important function of keeping young adults cohesive during the critical period when they transit from fledglings to full adults at which time they do not produce any other aggregating factors. It may be noted that previous studies by other workers had implicated feces as the primary sources of phase-modulating factors for the desert locust and migratory locust (L. migratoria). Thus, Nolte et al. (1970) traced the gregarization pheromone for the two species--assumed to be identical--to their hopper feces. Indeed, locustol (5-ethylguaiacol) and guaiacol were identified as the main constituents of the steam distillate of the hopper feces of L. migratoria and the former as primarily responsible for effects relating to pigmentation, morphometric changes, and increase in chiasma frequency reportedly associated with the gregarization pheromone of the two locust species (Noite et al., 1973; Nolte, 1976) . However, in our studies with the desert locust, we did not detect any 5-ethylguaiacol in any of our volatile collections either from the feces or the insects themselves. Likewise, Fuzeau-Braesch et al. (1988) were not able to detect this compound in their analyses of airborne collections from colonies of different stages of the two locust species although, interestingly, they found guaiacol and phenol, in addition to veratrole and an unidentified constituent. Adult feces have previously been evaluated by several authors. Gillett and Phillips (1977) concluded that adult feces had the effect of making nymphs less gregarious. This was confirmed by Gillett (1983) , who found that the grouping behavior of nymphs exposed to adult feces was significantly less compared with those exposed to hopper feces and concluded that a solitarizing stimulus was produced by gregarious adults. These observations are accounted for by the results of our present work as well as our previous studies (Obeng-Ofori et al., 1993; Torto et al. 1994) . We have established that hoppers are indifferent to blends that make up the feces of older adults and their volatile emissions. It would be interesting to establish whether older adult fecal volatiles constitute the solitarizing stimulus proposed by Gillett and Phillips (1977) .
Our studies to date have focused on the chemical stimuli mediating the releaser effects in the gregarious behavior of the desert locust. In this regard, the pheromone system produced by the nymphal stages remains to be fully characterized. We have now initiated a detailed study of the primer effects of the different components of locust gregarization pheromone complex to allow us to establish their respective roles in phase transformation of different stages of the insect.
